This study addressed the taxonomic position and group classification of a phytoplasma responsible for virescence and phyllody symptoms in naturally diseased Madagascar periwinkle plants in western Malaysia. Unique regions in the 16S rRNA gene from the Malaysian periwinkle virescence (MaPV) phytoplasma distinguished the phytoplasma from all previously described 'Candidatus Phytoplasma' species. Pairwise sequence similarity scores, calculated through alignment of full-length 16S rRNA gene sequences, revealed that the MaPV phytoplasma 16S rRNA gene shared 96.5 % or less sequence similarity with that of previously described 'Ca. Phytoplasma' species, justifying the recognition of the MaPV phytoplasma as a reference strain of a novel taxon, 'Candidatus Phytoplasma malaysianum'. The 16S rRNA gene F2nR2 fragment from the MaPV phytoplasma exhibited a distinct restriction fragment length polymorphism (RFLP) profile and the pattern similarity coefficient values were lower than 0.85 with representative phytoplasmas classified in any of the 31 previously delineated 16Sr groups; therefore, the MaPV phytoplasma was designated a member of a new 16Sr group, 16SrXXXII. Phytoplasmas affiliated with this novel taxon and the new group included diverse strains infecting periwinkle, coconut palm and oil palm in Malaysia. Three phytoplasmas were characterized as representatives of three distinct subgroups, 16SrXXXII-A, 16SrXXXII-B and 16SrXXXII-C, respectively.
This study addressed the taxonomic position and group classification of a phytoplasma responsible for virescence and phyllody symptoms in naturally diseased Madagascar periwinkle plants in western Malaysia. Unique regions in the 16S rRNA gene from the Malaysian periwinkle virescence (MaPV) phytoplasma distinguished the phytoplasma from all previously described 'Candidatus Phytoplasma' species. Pairwise sequence similarity scores, calculated through alignment of full-length 16S rRNA gene sequences, revealed that the MaPV phytoplasma 16S rRNA gene shared 96.5 % or less sequence similarity with that of previously described 'Ca. Phytoplasma' species, justifying the recognition of the MaPV phytoplasma as a reference strain of a novel taxon, 'Candidatus Phytoplasma malaysianum'. The 16S rRNA gene F2nR2 fragment from the MaPV phytoplasma exhibited a distinct restriction fragment length polymorphism (RFLP) profile and the pattern similarity coefficient values were lower than 0.85 with representative phytoplasmas classified in any of the 31 previously delineated 16Sr groups; therefore, the MaPV phytoplasma was designated a member of a new 16Sr group, 16SrXXXII. Phytoplasmas affiliated with this novel taxon and the new group included diverse strains infecting periwinkle, coconut palm and oil palm in Malaysia. Three phytoplasmas were characterized as representatives of three distinct subgroups, 16SrXXXII-A, 16SrXXXII-B and 16SrXXXII-C, respectively.
Possessing small, AT-rich genomes and living a transkingdom parasitic life, phytoplasmas are pleomorphic, cell wallless bacteria that infect many plant species and are responsible for numerous agriculturally and ecologically important plant diseases worldwide (Doi et al., 1967; Marcone et al., 1999; Lee et al. 2000) . Phytoplasmas inhabit phloem sieve cells of infected plants and are transmitted by phloem-feeding insects, mainly leafhoppers and psyllids (Weintraub & Beanland, 2006; Hogenhout et al., 2008) . Phylogenetic studies of genes encoding 16S rRNA and a large set of concatenated core housekeeping proteins have suggested that existing phytoplasmas share a common ancestor and are descended from low G+C Gram-positive bacteria in the Bacillus-Clostridium group (Woese et al., 1980; Weisburg et al., 1989; Gundersen et al., 1994; Zhao et al., 2005) . Although the evolutionary events that led to the origin of the first phytoplasma remain to be unveiled, a hypothesis has been put forward (Wei et al., 2008a) based on the unique architecture discovered in phytoplasmal genomes (Jomantiene & Davis, 2006; Jomantiene et al., 2007) : ancient phage predations and subsequent genetic recombination events played a formative role in triggering evolution of the phytoplasma clade. After their emergence as a discrete clade, phytoplasmas continued to evolve, giving rise to widely divergent lineages, many of which exhibit plant host and insect vector specificities (Lee et al., 1998a; Weintraub & Beanland, 2006) . Such specificities may have resulted from lineage-specific reductive evolution of phytoplasma genomes in adaptation to a parasitic lifestyle, reflecting unique nutritional and metabolic dependence on their respective hosts (Davis et al., 2003 Nishigawa et al., 2002; Oshima et al. 2004; Hogenhout et al., 2008) .
Catharanthus roseus, commonly known as Madagascar periwinkle or vinca, is a shrubby, herbaceous perennial native to the Indian Ocean island of Madagascar, and has been widely cultivated as a garden ornamental and medicinal plant in tropical and subtropical areas around the world. In the field of plant pathology, Madagascar periwinkle is well-known for its exceptional ability to harbour diverse phytoplasmas. Under experimental conditions, Madagascar periwinkle can be infected by many known phytoplasmas through graft inoculation, dodder or insect transmission, making it a useful model plant for maintaining collections of phytoplasma strains in planta (Marwitz, 1990; Marcone et al., 1997; Chang, 1998) and for studying phytoplasma-host interactions (Jagoueix-Eveillard et al., 2001; Tan & Whitlow, 2001; Su et al., 2011) . Madagascar periwinkle is also a natural host of phylogenetically divergent phytoplasmas belonging to at least five 16Sr groups (16SrI, 16SrVI, 16SrIX, 16SrXII and 16SrXIII) (Khew et al., 1991; Lee et al., 2000; Siddique et al., 2001; Duduk et al., 2008; Ayman et al., 2010) . Phytoplasmaaffected periwinkle plants often display symptoms including yellowing, stunting, little leaf, witches'-broom growth, virescence and phyllody. Since symptoms induced by a given phytoplasma can vary and, on the other hand, different phytoplasmas may trigger similar symptoms, the identities of periwinkle-infecting phytoplasmas must be determined by molecular characterization. Results from previous studies indicated that the aetiological agents of both MaPP and MaPV diseases were phytoplasmas, and the two phytoplasmas were mutually distinct (Nejat et al., 2009) . While the MaPP phytoplasma was determined to be a 'Candidatus Phytoplasma asteris'-related strain and a member of the aster yellows phytoplasma group, subgroup B (16SrI-B) (Nejat et al., 2010) , the taxonomic position and group affiliation status of the MaPV phytoplasma remained to be resolved. In this communication, we report that the MaPV phytoplasma represents a new taxon and a novel 16Sr group, 16SrXXXII.
Malaysian periwinkle virescence (MaPV) phytoplasma represents a novel taxon
As all attempts to isolate and cultivate phytoplasmas in cell-free media have been unsuccessful, measurable phenotypic characters remain largely inaccessible for phytoplasma taxonomy and classification. Consequently, genes with different degrees of nucleotide sequence conservation have been used to assess genetic relatedness and phylogenetic relationships of diverse phytoplasmas. Being highly conserved across the phytoplasma clade, yet containing ample information for differentiation of a wide array of phytoplasma strains, 16S rRNA gene sequences have served as the primary character for phytoplasma molecular taxonomy under the provisional status Candidatus for incompletely described prokaryotes (Murray & Stackebrandt, 1995; IRPCM, 2004) . To characterize molecularly the MaPV phytoplasma, a partial rrn operon spanning a nearfull-length 16S rRNA gene, 16S-23S rRNA intergenic spacer and partial 23S rRNA gene were amplified by PCR from genomic DNA extracted from four infected periwinkle plants, cloned and sequenced as described previously (Nejat et al., 2009) . A representative nucleotide sequence the partial MaPV phytoplasma rrn operon was deposited in GenBank under accession no. EU371934. The 16S rRNA gene portion of the rrn operon contains a sequence, 266 59-CAAGACTATGATGTGTAGCTGGACT-39 290 , matching the signature sequence (59-CAAGAYBATKATGTKTAGC-YGGDCT-39) that defines the taxa in the provisional genus 'Candidatus Phytoplasma' (IRPCM, 2004) .
To assess its taxonomic position, the 1523 bp near-fulllength 16S rRNA gene sequence derived from the MaPV phytoplasma was queried using the iPhyClassifier software program (Zhao et al., 2009b) . The results showed that the query sequence shared less than 97.5 % similarity with that of any previously recognized 'Ca. Phytoplasma' species reference strain. The 'Ca. Phytoplasma' species most closely related to the MaPV phytoplasma was 'Candidatus Phytoplasma trifolii ' (GenBank accession no. AY390261), whose 16S rRNA gene sequence shared 96.5 % similarity with the query sequence. According to the guidelines set forth by the International Research Program for Comparative Mycoplasmology, Phytoplasma/Spiroplasma Working Team -Phytoplasma Taxonomy Group (IRPCM), 'a strain can be described as a novel 'Ca. Phytoplasma' species if its 16S rRNA gene sequence has ,97.5 % similarity to that of any previously described 'Ca. Phytoplasma' species' (IRPCM, 2004) . Thus, the MaPV phytoplasma meets the criterion for recognition as a novel 'Ca. Phytoplasma' species.
To further assess the genetic relatedness of the MaPV phytoplasma with all previously described 'Ca. Phytoplasma' species, and to identify the signature sequences unique to the potentially novel taxon, a global sequence alignment was 'Candidatus Phytoplasma malaysianum' 644 , which differ in sequence from six to 16, from two to five, from two to six, and from two to seven base positions, respectively, from the corresponding regions in the 16S rRNA genes of all previously described as well as suggested but yet to be formally described 'Ca. Phytoplasma' species.
Results from the analyses of the MaPV phytoplasma 16S rRNA gene, together with geographical occurrence and identification of a natural host, justify recognition of the MaPV phytoplasma as a representative of a novel taxon. Therefore, we propose that the MaPV phytoplasma be designated the reference strain of a distinct 'Ca. Phytoplasma' species, 'Candidatus Phytoplasma malaysianum'.
Description of 'Candidatus Phytoplasma malaysianum'
'Candidatus Phytoplasma malaysianum' (ma.lay.si9a.num. N.L. neut. adj. malaysianum pertaining to Malaysia, referring to the country the phytoplasma was discovered).
The reference strain MaPV R , is associated with Madagascar periwinkle plants exhibiting floral virescence and phyllody symptoms. 
'Ca. Phytoplasma malaysianum'-related strains in other hosts
A BLAST search of 16S rRNA gene sequences deposited in GenBank, using the MaPV phytoplasma 16S rRNA gene sequence as a query, revealed that at least two other phytoplasmas are genetically closely related to the reference strain of 'Candidatus Phytoplasma malaysianum'. These are Malayan Yellow Dwarf (MYD) phytoplasma and Malayan Oil Palm (MOP) phytoplasma; both phytoplasmas were associated with recently emerged diseases of palms in Malaysia. The MYD phytoplasma was discovered in diseased coconut palm (Cocos nucifera) trees showing yellowing symptoms in the Banting area of Selangor State, and the MOP phytoplasma was identified in oil palm (Elaeis guineensis) plants grown in the same area but exhibiting yellowing and necrosis symptoms. The 16S rRNA gene sequences from the two phytoplasmas were determined from analysis of multiple samples (six for the MYD phytoplasma and nine for the MOP phytoplasma) and a representative sequence for each phytoplasma was deposited in the GenBank (Nejat et al., 2009) . Nucleotide sequence alignments revealed that the 16S rRNA gene sequences of MYD (GenBank accession no. EU498727) and MOP (GenBank accession no. EU498728) phytoplasmas shared 99.1 % and 99.2 % sequence identity, respectively, with that of the MaPV ND, Not determined. *Unless otherwise noted, the 16Sr RFLP group/subgroup classification status of the phytoplasma strains are based on Lee et al. (1998b Lee et al. ( , 2000 Lee et al. ( , 2006 Lee et al. ( , 2011 , Wei et al. (2007) , Zhao et al. (2009a) and Davis et al. (2012) . DIn the report by Jung et al. (2002) , 'Ca. Phytoplasma castaneae' was assigned to group VI according to DNA sequence similarity rather than results from RFLP analysis. In accordance with the RFLP-based classification scheme, this phytoplasma was reassigned to group 16SrXIX by Wei et al. (2007) . dThe original reference (Al-Saady et al., 2008) reported 'Ca. Phytoplasma omanense' as the reference member of a new group designated group 16SrXIX. However, the group number 16SrXIX had been previously published (Wei et al., 2007) to accommodate a different phytoplasma, 'Ca. Phytoplasma castaneae'. Therefore, 'Ca. Phytoplasma omanense' was reassigned to a new group, 16SrXXIX, subgroup 16SrXXIX-A (Zhao et al., 2009a) .
phytoplasma. Phylogenetic analysis of the 16S rRNA gene sequences using software MEGA4 (Tamura et al., 2007) yielded a phylogenetic tree in which MYD and MOP phytoplasmas clustered tightly, forming a distinct subclade together with the MaPV phytoplasma (Fig. 1) .
Furthermore, the 16S rRNA genes of MYD and MOP phytoplasmas possessed all the signature sequences that are unique to 'Ca. Phytoplasma malaysianum'; MYD and MOP phytoplasmas are hereby termed 'Ca. Phytoplasma malaysianum'-related strains. Fig. 1 . Phylogenetic tree inferred from analysis of 16S rRNA gene sequences. Maximum-parsimony analysis was conducted using the close-neighbour-interchange algorithm with search level 3 in which the initial trees were obtained with the random addition of sequences (10 replicates). The reliability of the analysis was subjected to a bootstrap test with 1000 replicates. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test is shown next to the branches. The taxa used in the phylogenetic tree reconstruction included reference strains of 33 previously described 'Ca. Phytoplasma' species (labelled with a superscript R), 14 suggested or incidentally cited but yet to be formally described 'Ca. Phytoplasma' species (labelled with superscript S), and 'Ca. Phytoplasma malaysianum' reference strain MaPV as well as two 'Ca. Phytoplasma malaysianum'-related strains MYD and MOP (in bold). Acholeplasma palmae served as an outgroup during the phylogenetic tree reconstruction. Bar, 10 nt substitutions.
Malaysian periwinkle virescence phytoplasma represents a new 16Sr RFLP group
In addition to 'Ca. Phytoplasma' species assignments, individual phytoplasmas are often classified into groups and subgroups according to a classification scheme established on the basis of restriction fragment length polymorphism (RFLP) patterns derived from digestions of a defined 16S rRNA gene segment (the F2nR2 fragment) by a set of 17 restriction enzymes (Lee et al., 1998b (Lee et al., , 2000 . A collection of phytoplasma 16S rRNA gene RFLP profiles established under this classification scheme have served as standard keys and 'visible' molecular markers for identification and classification of diverse phytoplasmas. Following recent expansions through computer-simulated RFLP analysis (Wei et al., 2007 (Wei et al., , 2008b , this 16S rRNA gene RFLP-based classification scheme has accommodated 31 groups and more than 100 subgroups (Zhao et al., 2009a; Lee et al., 2011; Davis et al., 2012) . According to the guidelines of the classification scheme (Lee, et al., 1998b; Wei et al., 2008b) , a new group can be proposed if the collective RFLP pattern derived from the 16S rRNA gene F2nR2 fragment of a given phytoplasma strain has lower than 0.85 similarity coefficient values with the RFLP patterns of all previously recognized groups.
An in silico analysis of the MaPV phytoplasma 16S rRNA gene F2nR2 fragment, using the RFLP pattern recognition and pattern similarity coefficient calculation program (Wei et al., 2008b; Zhao et al., 2009b) , revealed a new collective RFLP pattern (Fig. 2a) . The similarity coefficients of the MaPV collective pattern with pattern types of phytoplasmas in each of the 31 previously delineated groups were lower than 0.85, the threshold value for recognition of new 16Sr groups (Lee, et al., 1998b; Wei et al., 2008b) . Consequently, we propose a new 16Sr group, designated MaPV EU371934 16SrXXXII-A MYD EU498727 16SrXXXII-B MOP EU498728 16SrXXXII-C c b a Fig. 2 . RFLP profiles derived from in silico digestion of 16S rRNA gene F2nR2 fragments from 'Ca. Phytoplasma malaysianum' reference and related strains. Sequences from strains MaPV (a), MYD (b) and MOP (c) were subjected to in silico digestions with 17 restriction enzymes: AluI, BamHI, BfaI, BstUI (ThaI), DraI, EcoRI, HaeIII, HhaI, HinfI, HpaI, HpaII, KpnI, Sau3AI (MboI), MseI, RsaI, SspI and TaqI. The restriction fragments were resolved on a 3 % virtual agarose gel. MW, QX174DNA-HaeIII digests. Fig. 3 . Restriction enzymes that distinguish three 16SrXXXII subgroup lineages. BstUI or HhaI distinguishes subgroup16SrXXXII-A (MaPV) pattern from that of subgroup 16SrXXXII-B (MYD) and subgroup16SrXXXII-C (MOP) (a and b); Sau3AI distinguishes subgroup16SrXXXII-B pattern from that of subgroup16SrXXXII-A and subgroup16SrXXXII-C (c); BfaI distinguishes subgroup16SrXXXII-C pattern from that of 16SrXXXII-A and 16SrXXXII-B (d). The restriction fragments were resolved on a 3 % virtual agarose gel. MW, QX174DNA-HaeIII digests.
'Candidatus Phytoplasma malaysianum' 16SrXXXII, the Malaysian periwinkle virescence phytoplasma group, with MaPV phytoplasma being the first recognized member. The RFLP profile resulting from 16S rRNA gene F2nR2 fragment digestion by restriction enzyme AluI digestion alone was sufficient to distinguish MaPV phytoplasma from strains in all other 16Sr groups (Fig. S1 , available in IJSEM Online).
The two 'Ca. Phytoplasma malaysianum'-related strains, MYD and MOP, also exhibited new and mutually distinct 16S rRNA gene F2nR2 RFLP patterns (Fig. 2b and c) . The RFLP pattern similarity coefficients were 0.87 between MYD and MaPV, and 0.90 between MOP and MaPV, indicating that both MYD and MOP phytoplasmas are members of group 16SrXXXII. Since the RFLP pattern similarity coefficient values are significantly lower than the threshold value (0.97) for recognition of new subgroups (Lee et al., 1998b; Wei et al., 2008b) , we assign MaPV, MYD and MOP phytoplasmas to three different subgroups, hereby designated 16SrXXXII-A (with MaPV phytoplasma as the representative strain), 16SrXXXII-B (with MYD phytoplasma as the representative strain) and 16SrXXXII-C (with MOP phytoplasma as the representative strain). RFLP patterns from F2nR2 fragment digestions with restriction enzymes BstUI or HhaI clearly distinguished MaPV (subgroup 16SrXXXII-A) phytoplasma from MYD (16SrXXXII-B) and MOP (16SrXXXII-C) phytoplasmas ( Fig. 3a and b) . Similarly, restriction enzyme Sau3A can be used to distinguish 16SrXXXII-B phytoplasma from 16SrXXXII-A and 16SrXXXII-C phytoplasmas (Fig. 3c) , and restriction enzyme BfaI can be used to distinguish subgroup 16SrXXXII-C phytoplasma from 16SrXXXII-A and 16SrXXXII-B phytoplasmas (Fig. 3d) . Presence of three distinct subgroup lineages highlights the breadth of the genetic diversity within the Malaysian periwinkle virescence phytoplasma group and draws attention to the possibility of additional related but distinct 16SrXXXII strains in Asia.
